Ignicoccus is the only archaeal genus known today whose cells possess an outer membrane. According to freeze-etch experiments, it is composed of two leaflets which become separated in the fracture process. Here we show by transmission electron microscopy that the two leaflets can also be visualized in ultrathin sections; they exhibit highly different staining intensities. Biochemical analysis proves the presence of lipids as well as membrane proteins. Various derivatives of the archaeal lipid 'archaeol' could be identified, many of which were glycosylated. The protein set is dominated by four membrane proteins, one or several of which may form pores. The outer membrane itself is a dynamic structure: periplasmic vesicles can be visualized in various stages of a fusion process, and, although rarely, vesicles are seen on the outer cell surface, either in a release or a fusion process. Future studies will focus on the outer membrane proteins in order to understand their role in outer membrane permeability, e.g. what kinds of transport processes they facilitate.
Introduction
Ignicoccus is a genus of hyperthermophilic marine Archaea, comprising three species: Ignicoccus islandicus, I. pacificus and Ignicoccus sp. strain KIN4I [1, 2] . They were isolated from samples taken at the Kolbeinsey Ridge, north of Iceland, and from black smoker material of the East Pacific Rise in the Pacific Ocean. According to the sequence of their 16 S rDNA, they belong to the phylum Crenarchaeota, order Desulfurococcales, family Desulfurococcaceae. These microorganisms are among the few species known today that exclusively gain their metabolic energy by strict sulphurhydrogen chemolithoautotrophy: they reduce elemental sulphur to H 2 S, using molecular hydrogen as electron donor. Within their biotope, Ignicoccus cells can be regarded as one of the primary producers of bio-organic matter.
The cultivation of Ignicoccus cells in liquid media under laboratory conditions is possible but the maximum cell density that can be reached at present is about (2-3) × 10 7 cells · ml −1 only. Numerous parameters were tested but did not yield higher cell densities. It is unclear what limits the growth of these micro-organisms. Nevertheless, we must concede that the optimal conditions for growing these Archaea have not yet been found.
Ignicoccus cells are unique among the Archaea, in particular the Crenarchaeota, with respect to their ultrastructure: no Slayer could be identified as part of the cell envelope, neither by freeze-etching, nor by isolation of cell envelope components, Key words: Archaea, cell surface, intracellular vesicle, lipid, outer membrane, transmission electron microscopy. Abbreviation used: TEM, transmission electron microscopy. 1 To whom correspondence should be addressed (e-mail reinhard.rachel@biologie. uni-r.de).
nor in ultrathin sections. There is also no indication of any other cell-wall polymers, like pseudomurein, heteropolysaccharide or other polymers. Instead, the Ignicoccus cell has an outer membrane, the first to be identified for an archaeon. Together with the cytoplasmic membrane, it encloses a huge periplasmic space, in which membrane-bound vesicles are found [3] . One peculiarity of Ignicoccus sp. strain KIN4I is the fact that it can grow in coculture with the smallest archaeon known today, Nanoarchaeum equitans [2, 4, 5] , the first representative of the novel archaeal phylum Nanoarchaeota [6, 7] . N. equitans cannot be grown alone but requires the presence of and, most likely, direct contact with living Ignicoccus KIN4I cells to be able to thrive.
For a better understanding of the molecules which might be important in nutrient uptake by Ignicoccus cells, and also possibly involved in cell-cell interaction with N. equitans, we have started to analyse the Ignicoccus outer membrane in detail. Here we show data proving that this membrane is asymmetric, dynamic, and that it contains proteins and lipids.
Methods
Ignicoccus sp. strain KIN4I [2] was grown as described in [1] under strict anoxic conditions at a temperature of 90
• C. The preparation procedure for TEM (transmission electron microscopy), including cryo-immobilization by highpressure freezing, freeze-substitution, embedding in resin and ultrathin sectioning, was described in [3] . For isolation of the outer membrane, cells were disintegrated using a glass Potter homogenizer (Wheaton, Millville, NJ, U.S.A.). Purification of the membrane fraction was achieved by density-gradient ultracentrifugation, either in self-generating gradients, using Percoll R beads (starting concentration, 30%; time, 120 min; 13 000 rev./min, Sorvall RC 5C plus, SS34 rotor; Kendro) or CsCl (0.65 g · ml −1 ; 48 h; 48 000 rev./min; Optima LE-80K UZ, SW60 rotor; Beckman), or in sucrose gradients (8.5-70%; 2.5 h; 48 000 rev./min; Optima LE-80K UZ, SW60 rotor). Fractions were finally dialysed against Mes buffer (5 mM Mes, pH 6.0/1 mM MgSO 4 ). For analysis by TEM, samples were applied on to a carbon-coated copper grid and negatively stained with uranyl acetate (3%, w/v). Electron micrographs were digitally recorded using a slowscan CCD camera (TVIPS, Gauting, Germany) mounted to a CM12 transmission electron microscope, operated at 120 keV (FEI Co., Eindhoven, The Netherlands). The outer membrane proteins were separated by SDS/PAGE as in [8] . For the analysis of the lipid content of the outer membrane, outer membranes purified on sucrose gradients were dialysed exhaustively against Mes buffer, freeze-dried and the lipid components separated and detected by HPLC-MS as described in [9] ; details of the procedure are described in [10] .
Results and discussion
The outer membrane is dynamic: vesicle fusion and production Transmission electron micrographs of sections of Ignicoccus cells show important features supporting the view (i) that the outermost 'sheath' is indeed a membrane, (ii) that its structure differs markedly from the cytoplasmic membrane and (iii) that it is a highly dynamic structure. While the cytoplasmic membrane always appears as a symmetric doubleline, the images confirm that the outer 'sheath' is in fact an asymmetric double line, with a strongly stained outer leaflet, and the inner leaflet is stained very weakly, and is therefore only visible in favourable sections ( Figures 1A and 1B) . This is also demonstrated in the (extremely rare) case of a cell whose outer membrane leaflets became separated artificially during the preparation process ( Figure 1B) : the outer leaflet is easily discernible while the inner leaflet is hardly visible.
The vesicles in the periplasmic space appear to derive from the cytoplasm, which is based mainly on two observations:
Figure 3 Protein composition of the Ignicoccus outer membrane
Ignicoccus proteins were separated according to their apparent mass by SDS/PAGE. M, molecular mass markers; C1, C2, two fractions corresponding to the cytoplasm; OM, outer membrane. Arrows on the right point at the four proteins dominating in the OM fraction. Numbers on the left refer to molecular masses in kDa.
(i) both leaflets of their membranes are equally stained, a feature matching the cytoplasmic membrane but not the outer membrane and (ii) the interior of all these vesicles in the periplasmic space is densely stained, i.e. they are filled, most likely with material from the cytoplasm. The periplasmic vesicles (Figure 1 ) are frequently seen in the process of being released from the cytoplasmic membrane or are already fully released. Some of these vesicles are getting into the close vicinity of the outer membrane and are captured in various stages of the process to fuse with the outer membrane ( Figures 1A and 1C) . Rarely, but significantly, vesicles can be seen to protrude from the outer membrane outwards, i.e. towards the extracellular space. These vesicles appear empty; whether they contain a cargo, which cannot be stained, or whether they are 'empty', cannot be decided yet. In the latter case, the cargo might be part of the membrane vesicle itself, e.g. a hydrophobic molecule. These extracellular vesicles bear some resemblance to formation of outer membrane vesicles already observed in Gram-negative bacteria [11] .
The outer membrane most likely contains 'pore-forming proteins'
Transmission electron micrographs show that isolated outer membrane patches of Ignicoccus cells exhibit a pattern of 'black dots' in tight but not regular packing. Fourier analysis of typical images like the one shown in Figure 2(A) demonstrate that the 'black dots' are randomly oriented, at a fixed distance of about 7 nm ( Figure 2B ). Occasionally and in small patches only, regularly arranged, two-dimensional crystals of these 'black dots' can be found (Figure 2A,  ellipsoid) . The Fourier spectrum of such a small area confirms the presence of crystalline areas, with either 3-or 6-fold symmetry ( Figure 2C ). Image analysis by Fourier filtration or by correlation averaging yields a pattern as displayed in Figure 2(D) : a symmetric pattern of black dots, 2 nm in diameter, is 'embedded' in a white matrix. In analogy to the situation in outer membranes of various Gram-negative bacteria [12] [13] [14] [15] , these black dots can be interpreted as stainfilled pores, formed by pore-forming proteins, like the socalled 'porins' [16] . They are embedded in a matrix of lipids and proteins that is inaccessible to the negative stain, and which therefore appears 'white'.
The outer membrane contains both proteins and lipids
A mild disintegration using a glass Potter homogenizer turned out to be sufficient to achieve complete lysis of Ignicoccus cells. Addition of enzymes or the use of harsh treatments like glass beads or a French press was unnecessary. Completeness of cell lysis was confirmed by inspecting the samples by phase contrast light microscopy and by TEM (results not shown). The membrane fraction was purified by density gradient centrifugation, as described in the Methods section. Using the Percoll R gradient method and marker beads, the density of the resulting outer membrane fraction could be determined to be 1.023 g · cm −3 . The sucrose gradient method turned out to be most convenient for large-scale preparations and was used preferentially in most experiments. Analysis of a sucrose gradient by TEM showed that, in the upper half of the gradient, cytoplasmic proteins and protein complexes, including the thermosome [17, 18] , were found, but no membranes. In the lower third of the gradient, however, a band containing the outer membrane was clearly discernible (Figure 2 ). Minor amounts of insoluble cell debris, as well as precipitates from the culture medium, were found in the pellet.
Three fractions or bands from the sucrose gradient were also analysed by SDS/PAGE (Figure 3) . The electropherogram of two fractions, attributed to the cytoplasm (Figure 3 , C1 and C2), showed a complex set of proteins, in slightly different amounts; the main four proteins had apparent relative masses of about 50, 40, 25 and 15 kDa. The band from the sucrose gradient containing the outer membrane, as identified by TEM analysis (Figure 2A) , showed a characteristic and complex pattern of proteins, which clearly differed from that observed for the cytoplasmic fractions (Figure 3, OM) . It ranged from about 85 down to 14 kDa, and the four proteins with the strongest staining intensity had apparent relative masses of about 75, 70, 55 and 52 kDa.
Based on the qualitative analysis using liquid chromatography MS, the outer membrane contained a number of different lipids, all of which were derivatives of 'archaeol' [10, 19] , with up to four sugar moieties bound, some in two isoforms. Importantly, the relative amount of these lipids in the outer membrane differed from their amount in the total lipid extract of Ignicoccus cells. Moreover, while the cyclic tetraether lipid 'caldarchaeol' was found in low but significant amounts in the total cell lipid extract, this lipid was absent in the outer membrane.
All these results substantiate that the cytoplasmic membrane and the outer membrane are different in their lipid and protein contents. In addition, it must be postulated that mechanisms exist for both directed protein transport and lipid partitioning within this prokaryotic cell.
Conclusion
The cell envelope of Ignicoccus is unusually complex in comparison with other Archaea. We have attempted to increase our understanding of the outer membrane by describing its ultrastructure using TEM, showing that it contains some kind of pores in a tight packing formation, occasionally arranged in a regular pattern (two-dimensional crystal). First steps towards a detailed biochemical analysis verify that the membrane contains archaeal lipids and a complex set of membrane proteins. Further experiments are under way for a detailed molecular characterization of these proteins. This includes elucidating their primary, secondary and tertiary structure, in vitro expression of these proteins, for analysing their possible functions in artificial bilayers, and visualizing their distribution by immunolocalization in ultrathin sections or freeze-etched preparations. With the information gained by these experiments, we aim to elucidate the function of these proteins inside the outer membrane of the living Ignicoccus cell.
